The theory for recovering crustal magnetization from along-strike and, especially, axial magnetic profiles is examined. We develop a conventional Fourier technique that takes into account the special magnetic cross-section at a ridge axis including the thinning of layer 2A. Such an approach might be completely inappropriate because it is assumed that the observation path is perpendicular to all the magnetic variability, whereas in fact the path lies in the direction of least magnetic variation. To study this question and to overcome possible deficiencies, we consider a statistical modification of the theory in which the magnetization is treated as a planar stationary process in a thin layer with known power spectrum. The relationship between two signals is studied: the magnetic anomaly on a straight path at the sea surface, and the magnetization in the crust immediately under the observation track. The coherence between the two signals can be calculated, as well as the transfer function between them.
INTRODUCTION
In a related paper, Gee & Kent (1998) consider the question of inferring crustal magnetic and chemical properties of the young southern East Pacific Rise (EPR), based on a composite lo00 km magnetic profile right over the axis of the ridge. On such a profile, geomagnetic variations are eliminated and the anomaly pattern is expected to reflect changes in the chemistry of the sources. Gee & Kent compare a model of the magnetization denved from the anomaly with chemical analyses of samples dredged from the seafloor directly under the observation path. Here we develop a theory for constructing magnetization profiles based on the along-axis magnetic anomaly measurements.
For along-strike (that is. ridge-parallel ) marine magnetic surveys, the usual pattern of alternating-sign anomalies due to geomagnetic field reversals is absent. Within one ridge segment, between fracture zones or other tectonic discontinuities, it may be a reasonable approximation to assume that the across-strike behaviour is systematic, depending on changes in chemistry and tectonic environment along-strike. First we look at a 1-D theory following the classical Fourier approach set out by Schouten & McCamy (1972) , modified to account for evolutionary processes near the rise axis. Somewhat surprisingly perhaps, to invert the anomalies for the alongstrike variations in magnetization, one needs a very careful specification of the across-strike geometry. Also the decrease of magnetic intensity with age is an essential feature; its omission can lead to predicted reversed polarity of the average axial magnetization.
The 1-D theory predicts a peak in the magnetic anomaly power at a wavelength of about 2n times the water depth, just as the classical filter theory does (see Blakely 1995), but in practice no such maximum is observed. This failure can be traced to the oversimplified geometry; as Shure & Parker ( 1981 I first pointed out, source variations in the direction perpendicular to the observation path can cause significant corruption of the long-wavelength spectrum. It is anticipated that the effect will be much more severe for on-axis profiles than for more conventional across-strike surveys. Therefore we investigate a 2-D statistical model to clarify which portions of the wavenumber interval contain the anomalies reliably related to the crustal magnetization on a line directly beneath the magnetometer track. For the purposes of this theory, the sources are modelled as a 2-D stochastic process with a known power spectrum. We show how to calculate the coherence between the observed magnetic signal and the axial magnetization; the coherence describes the fraction of the magnetic signal correlated with the magnetization function, expressed as a function of wavenumber or wavelength. When the coherence is high in a particular wavenumber interval, the magnetic anomaly faithfully reflects the magnetic state of the crust in that band, but if it is low, this indicates that the magnetic anomalies of that particular scale must be primarily caused by sources off to the side of the track rather than directly below it.
The theory is illustrated with data from the EPR profile. A simple parametric model is constructed for the planar source power spectrum based on the profile observations: it has an elongated shape with a major-to-minor axis ratio of about 4: 1.
Two cases are examined: along-strike magnetic observations far from the ridge, and those directly over the axis. The second case differs from the first in that the special conditions near the axis, such as the thinning of layer 2A, are included in the transfer function. In both cases we find strong coherence t;* > 0.8) on scales of 50 km, which falls off sharply at shorter wavelengths. For on-axis profiles the coherence remains high for all larger scales, but not for the off-axis paths. The results show that, despite the unusual geometry, on-axis magnetic profiles contain reliable information about the crustal magnetization directly under them, provided that attention is restricted to sufficiently large scales.
1-D FILTER THEORY
Initially we assume a magnetized layer of constant intensity throughout, that is. confined to the zone h,(y) s z s h2(y), where Cartesian coordinates are: x along axis, y across, and z vertically downwards, with z = O at the sea surface. Since on-axis bathymetry is generally relatively subdued within a ridge segment, constant depth under the observation profile, y = z = O , is a reasonable approximation here, and one that could be lifted later without much difficulty. We shall treat field measurements that have been phase rotated to the north pole (Blakely 1995, section 12.3); in this way we may treat the magnetization as purely vertical and the magnetic anomaly as a vertical component of the anomalous field. For the moment the magnetic intensity is taken to be a function of x alone. By integrating the field from a dipole through each vertical column, we find that the vertical field of crustal origin measured by an observer at (x0. 0.0) is where m ( x ) is the magnetization, constant within the column and in y, and
zl= -Despite its complicated appearance, eq. (1) is a convolution of m with a kernel function, and for computational and intuitive purposes it pays to take the x Fourier transform of eq. (l), after which the convolution becomes a product (Bracewell 1986 Here K I is the modified Bessel function of the second kind and order unity; we follow the convention of Bracewell (1986) in defining the Fourier transform with 21t in the exponent. We call the function in eq. (3) the magnetic field response to along-strike magnetizations. 
RESPONSE FUNCTIONS
shown as the dotted curve in Fig. l(b) with the constants h, = 2.625 km and h2 = 3.125 km. For thin layers the response is maximum at a wavelength of about 2nhl. Another key property of eq. (6) is its vanishing at k, = 0, that is, at the longest wavelengths, giving rise to a magnetic annihilator, a magnetization with no external magnetic anomaly. In this idealized case, the uniform magnetization produces no field. Such behaviour might seem implausible, since it predicts a zero mean amplitude anomaly on the ridge axis. The presence of the magnetic reversal boundary at the end of the Bruhnes normal period restores a positive anomaly over zero-age crust: if we assign reversed crust for 1x1 > 58.5 km, an appropriate distance for our illustrative example, we find R(0) = 3.42 nT A-' m instead of zero, but for k, > 0.005 km-I the modified response is indistinguishable from the dotted curve in Fig. 1 (b) .
Let us move on to a more realistic system. First we include the general increase in depth of the seafloor with age. We consider a generic topographic model with the depth equation h, = 2.625 + 0.35t1/', where t is in Myr and hi is in km. Marine seismology tells us that the thickness of layer 2A increases dramatically in the first few kilometres away from the ridge;
with the main source of magnetic anomalies in that layer, we must include this factor. In our model we follow the seismic information available at the EPR (Gee & Kent 1994) : the layer grows from 250 to 500 m linearly in a horizontal distance of about 2.5 km; the cross-section is shown in Fig. l (a) for a ridge spreading at 75 mm yr-' (half-rate), the rate appropriate for the site of the Gee-Kent study that motivates the present work. Outside the thinned zone, layer 2A is assigned a uniform thickness of 500 m. When the depth profiles h, and h2 are as complicated as this, eq. (4) requires numerical integration. The interval of integration is terminated at 58.5 km on either side of the axis at the end of the Bruhnes. The resultant 18 is shown in Fig. 1 (b) . The unrealistic behaviour at k, = 0 noted in the previous case has been exacerbated by the inclusion of the topographic refinements: now the response to the longest wavelengths is inverted, leading to a negative anomaly on the axis associated with a positive uniform magnetization. Gee & Kent (1994) noted this paradox and concluded that the explanation for the generally positive anomalies at ridge axes is a compensatory variation with y in magnetic intensity: recent palaeomagnetic work indicates a decrease in geomagnetic dipole strength by a factor of 3 on timescales of 2 x lo' yr (Tric et al. 1994 , Fig. 7 ). Eq. (4) can be modified to include the variation in magnetic intensity with age; we write
(7)
where a( y) is an even function, dropping initially, then levelling off to a constant value, as shown in Fig. 2(a) ; in the numerical calculations we use a(y) = T, + (1 -T,) e+"Y1, (8) with rl = 0.33, y, = 0.5 km. The new response, based on the same cross-section as in Fig. 1 , is shown in Fig. 2(b) . The principal difference in fi from the earlier response is that the function is now positive everywhere; we also see an overall decrease in amplitude, which is not surprising. There is no long-wavelength magnetic annihilator in the on-axis inversion:
if the level of the axial anomaly is established from alongstrike magnetic surveys on the assumption of rough parity in the normal and reversed anomaly amplitudes, an absolute magnetization level can be estimated for the on-axis magnetization-in principle no arbitrary offset in m is allowed. The ratio of the zero-wavenumber response to the peak response is about 1 : 3, which means that long-wavelength regularization is unnecessary. Of course, inversion at the short wavelengths remains unstable and fi(kx)-cannot be employed as an anomaly filter for short wavelengths; in our example we must cut off wavelengths shorter than about 3 km because of noise in the observations.
A STOCHASTIC THEORY
The foregoing theory is unsatisfactory because, to simplify the analysis, we needed to assume that the prominent variations in magnetization are along-strike, while in reality they lie exactly orthogonal to this direction. As Figs 1 and 2 clearly illustrate, the responses of the model system exhibit a strong maximum around 2nh1, or 16 km, wavelength and a pronounced amplitude deficit at the longest wavelengths; this behaviour is independent of the details regarding layer thickness and intensity decrease with increasing age. The measured power spectrum of the on-axis anomaly data (Fig. 3) shows no sign of the maximum; on the contrary, the power rises ever more steeply as k, tends to zero. Absence of a power minimum at the wavenumber origin is common in magnetic anomaly spectra and has been understood for some time (Shure & Parker 1981 1: energy in the across-path direction is aliased into the profile spectrum. With an estimate of the full 2-D power spectrum of the anomaly (or the magnetization), we can calculate the magnitude of this effect and evaluate the reliability of the on-axis magnetic properties. as we shall now demonstrate.
For this theory we return initially to the simple uniformthickness layer: we assign a constant water depth throughout the. region of interest. Now, however, we allow the magnetization %f to vary over the x J plane: it is the realization of a 2-D stationary stochastic process with power spectral density (PSD) S,I k) where k = fk,. k , ) is the wavenumber vector. The random source produces a 2-D magnetic anomaly B(s, J) at the ocean surface Then the PSD of B is given by S,(k) = IT(k)l'S.wik).
where ?is the transfer function from .tf in the source layer to B over the sea surface. the generalization of eq. (6) Recall that the directions of both magnetization and magnetic anomaly can be treated as vertical because of the preliminary processing.
Our goal is to discover the connection between the anomaly measured on the axial profile, b(x) = B(x, 0), with magnetization on the line directly under the observation path, which we denote by m ( x ) = M ( x , 0). Since the sources are not perfectly lineated perpendicular to the path, as we have already noted, the anomaly signal is not perfectly correlated with the magnetization. The degree of correlation is quantified by the coherence spectrum yz of the two signals, b and m, which, because the phase of the transfer function is identically zero, precisely equals the squared correlation coefficient as a function of the along-track wavenumber, k,. The calculation of yz relies on the spectral slice theorem and follows the same lines as given in Parker & OBrien (1997); we omit the details, and simply state the results. We adopt the convention that P denotes a profile power spectral density, a function of k , alone, while S is a spectrum in the plane, a function of the vector k.
We obtain and the cross-spectrum between the two is Before we inspect some field observations, we must make one final refinement to the theory. The transfer function of eq. (10) used in eqs (12)-(14) takes no account of the special magnetization conditions at the rise axis. In fact, eq.(lO) is appropriate for a path parallel to the strike of the anomalies, but far from the ridge crest. I t is time to insert the layer thickening and magnetization decline that we built into the I-D theory. We can still imaginc a 2-D stationary magnetization process over the planc, but it is acted upon by a nonisotropic transfer function, one that includes the intensity dccrease in the y direction, and effccts for bathymetric and layer-thickness variations. This earth filter predicts the correct values only on the ridge axis, but that is where the data come from. We can use it in eqs ( 12) and ( 13) to compute the profile PSD seen on-axis: anywhere else it would give the wrong answer. In this approach eq. (7) where the parameter E controls the elongation of the spectrum, which has elliptical contours. With along-strike surveys we expect E < 1, thus placing the long axis of the spectrum in the y direction and reflecting the strike of the standard seafloorspreading magnetic anomalies. A value E > 1 would correspond to the more conventional arrangement of an across-strike survey. The inverse power law is one associated with magnetization distributions that are self-similar in the sense of exhibiting identical patterns at every scale; power-law behaviour has been observed for continental crustal magnetization (Pilkington & Todoeschuk 1993) . Power-law spectra are not entirely satisfactory from a physical perspective because of their singular nature: for example, the implied variance of the magnetization at a point predicted by eq. (17) is infinite for any choice of E or v. Caress & Parker (1989) . In view of the simplicity of the parametric model, the numerical values of the constants K, etc., should not be treated too seriously; we are simply demonstrating the theory on a plausible 2-D spectrum.
We first discuss the results obtained with the isotropic f in eq.(lO). Fig.4 shows the results of inserting the model spectrum into eq. ( I I). We note the high level of coherence (-? .C 0.8) at wavelengths near 100 km. The almost total loss of coherence at scales of 10 km or less is not unexpected. At the other end of the spectrum, the lack of coherence at the longest wavelengths implies that the mean level of the anomalies parallel to the axis is set more by sources to the side than by those directly under the observation path. Equally interesting is the predicted behaviour of the coherence for other values of the ellipticity parameter. When E = 4.46 = lm.223, the model describes the same magnetic crust as before. but with the Predicted coherence between a magnetic anomaly profile and the magnetization on a line in the oceanic crust directly under the magnetometer path. AII curves apply to hypothetical surveys off the ridge axis over sources with spectra governed by eq. (17). The heavy curve, E = 0.223, corresponds to a strike-parallel profile. When E = 4.46 the survey line runs perpendicular to the ridge axis in the normal way. The light curve with E = 1 implies that the magnetic sources are isotropic.
survey line oriented across-strike in the more common survey configuration. Now the coherence for the shorter scales is enormously greater, as might be anticipated, but, contrary to intuition, at the longer wavelengths (A > 300 km) the coherence is quite low, even less than that seen in an along-strike profile.
This result confirms what marine-magnetic modellers have suspected for decades, namely that not only is the mean level difficult to obtain from magnetic anomalies, but the longest wavelengths in their magnetization solutions can also be unreliable. The curve for E = 1 corresponds to isotropic magnetization, an intermediate case. The message of Fig. 4 is that, within a wide range of spectral shapes, a sea-surface magnetic anomaly profile closely reflects the magnetization state directly under that profile, but only in an appropriate range of wavelengths.
The results shown in Fig. 4 apply to a path away from the ridge axis. Now we specialize to a survey line right on the axis, where eq. ( 16) is the proper transfer function, and E = 0.223. Fig. 5 ghes the coherence spectrum for this geometry. The most striking feature is the increased coherence at the longest wavelengths compared with the off-axis behaviour. Recall that the isotropic I-D transfer function (6) has a zero at k, = 0, so that in principle nothing is transmitted from M to B in this limit; but as we remarked earlier, that is not true of the 1-D function (7), which gives a positive magnetic field response down to zero wavenumber (see Fig. 2) . That difference is reflected in y2. While one would naturally expect some variation in the coherence spectrum for different choices of CJ and crustal geometry, the conclusion concerning the high coherence at the longest wavelengths for along-axis surveys must be robust because it is intimately tied to the observation that the magnetic 1 0 : :
Heavy curve: spectrum of coherence between on-axis magnetic anomalies and the magnetization on a line directly under the observation path, taking into account the special conditions at the axis. The dotted curve is reproduced from Fig4 and gives the coherence predicted for a path parallel to the axis bur far from it.
anomaly at the ridge axis is generally positive. Notice that it makes little sense to discuss values of E 2 1 here since the use of eq. ( 16) focuses exclusively on axial data and then E must be less than unity to make the magnetic lineaments parallel to the observation path.
Next we consider inversion of the magnetic anomaly; we calculate the transfer function (a filter) between the magnetic anomaly and the coherent part of the magnetization on the line under the magnetometer; Grn is shown in Fig. 6 and we concentrate on the heavy curve, which corresponds to axial observations. A remarkable property of this function is that Grn is nearly flat over almost two decades of wavenumber, 0.001 5 k , 5 0.1 km-'. Within this interval the magnetization can be obtained from the anomaly with fair accuracy simply by scaling the field by the numerical factor 0.06 A m-' nT-'. Outside that band, the transfer function demands greater amplification but. referring to Fig. 4 . we see that the value of the exercise at the shorter wavekngths is dubious, given the low coherence between the two signals. Furthermore. in the observed spectrum (Fig. 3) . noise entirely masks the magnetic anomaly above k, = 0.3 km-', which would cause the true coherence to be vanishingly small.
Also shown in the figure is the filter for off-axis, along-strike paths. The shape of this function is very similar, but reduced in magnitude by about a factor of 2. The third, dotted curve is the inverse of the l-D response fi in Fig. 2 , the filter that results from a I-D. non-statistical approach.
Finally. here is the application of two of the filters from Fig. 6 to the measured anomaly on-axis as composed by Gee & Kent ( 1998) from several surveys on the EPR 13'.-23S. In a conventional analysis, the presence of the noise plateau in the spectrum (Fig. 3) suggests that it would be prudent to filter out signals above k, = 0.3 km-'. This is how the data for the 1-D theory are filtered. However, Fig. 5 shows that, with the 0.3 km -I cut-off, the highest-frequency components in the subtrack magnetization are less than 0.1 coherent with the anomaly, even though the anomaly itself originates in the magnetized layer. Suppression at a much longer wavelength is indicated, if a reliable magnetization is required: for Fig. 7, I terminated the passband at 0.04 km-', corresponding to f = 0.5. Turning at last to Fig. 7 we see at the top the magnetic anomaly, reduced to the pole. A curious feature of this signal is that its mean level is not significantly different from zero. At the bottom, the heavy curve plots the coherent part of the subtrack magnetization according to the full statistical treatment for axial paths, with an imposed cut-off of all wavelengths shorter than 25 km. As we have already remarked, with such a simple transfer function, it is essentially a low-passed version of b. By more traditional means, Gee & Kent (1998) obtain a solution very similar in general appearance and amplitude, although the rationale for the wavenumber cut-off is not given in their paper. Also shown as a light curve (displaced vertically for clarity) is the result of applying the 1-D filter theory, with the 0.3 km-' limit. Despite an almost 30-fold amplification of the shorter wavelengths in this second model, the two solutions are quite similar. This is because the anomaly signal contains extraordinarily little energy in the band 0.04-0.3 km-', a fact readily ascertained from Fig. 3 . Gee & Kent (1998) find from dredge hauls that the range of magnetizations and the iron content profile on the axis of the EPR exhibit gratifying agreement with their inversion, in both general shape and overall amplitude. The key result from our statistical analysis is that good correlation can be expected for variations with wavelengths over 50 km (see Fig. 5 shows that for the inversion of on-axis magnetic anomalies there is no such annihilator, and so the necessary shift remains unexplained at present.
CONCLUSIONS
We have studied the inversion of magnetic anomalies in an unusual survey geometry: a profile taken on the axis of a midoceanic ridge. The simple, 1-D filter problem requires a delicate specification of the magnetic cross-section of the ocean ridge system. But the 1-D theory is unlikely to tell the whole story because it ignores the most prominent magnetic signals, those that vary with crustal age. Therefore we have extended the theory into the plane by placing it in a statistical setting where the magnetization is a planar, stationary, stochastic process with a known power spectrum. We show how to gauge the reliability of an inversion by calculating the coherence between the magnetic anomaly and the magnetization in a line directly beneath the observation path.
The ideas are illustrated with a long profile on the axis of the southern EPR previously studied by Gee & Kent (1998).
We estimate a 2-D power spectrum from the anomaly profile with a simple parametric model. From the spectrum we calculate the on-axis coherence and magnetization. We find that the on-axis coherence between the anomaly and the magnetization is high for all wavelengths above 50 km. but decreases rapidly for shorter wavelengths. The I-D filter theory incorrectly predicts that the anomaly reflects the subtrack magnetization down to much finer scales, about 3 km. Both the 1-D filter theory and the full stochastic theory demonstrate the absence of a long-wavekngth magnetic annihilator. The stochastic approach applies equally well to profiles taken offaxis. We find that there is a band of high coherence, whether the survey is strike-normal or -parallel, but that the good correlation does not extend to infinite wavelength as it does for the on-axis data, confirming the existence of the traditional annihilator in an off-axis environment.
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